The use of Longissimus thoracis et lumborum muscle (LM) volume measured in vivo by real-time ultrasonography (RTU) to estimate carcass composition was evaluated in 47 female sheep. Animals were scanned over six sites (7th, 9th, 11th and 13th thoracic vertebrae and 2nd and 4th lumbar vertebrae). After slaughter carcass weight (CW) and composition by dissection were determined. RTU volume measurements were calculated by multiplying the LM area at each site by the vertebra lengths. Equivalent measurements to those taken in vivo were obtained on the carcass using a digital camera and image analysis. The correlation between LM volume measured by RTU and in the carcass was high for all scans. LM volume was better in predicting carcass muscle than carcass fat. Lower determination coefficients were obtained between LM volume and carcass tissues expressed in % of CW. The best estimates of carcass tissues weights and proportions were obtained using the LM volume between the 2nd and the 4th lumbar vertebrae for all tissues.
Introduction
The determination of three-dimensional structure from serial sections is a common problem in animal corporal composition studies. Among the objective techniques available, computer tomography (CT) and magnetic resonance imaging (MRI) are frequently used for in vivo three-dimensional structure determination by using consecutive images that can be reconstructed to render a volume measurement of a region of interest (Mitchell, Scholz, Wange, & Song, 2001; Szabo et al., 1999) . In addition, comprehensive studies conducted with pigs (Baulain, 1997; Mitchell et al., 2001 ) and lambs (Jopson, Kolstad, Sehested, & Vangen, 1995; Kvame & Vangen, 2006) , showed that volume measured in vivo by CT and MRI was highly correlated (r > 0.90) with the weights of the dissected tissues. Thus, these techniques have been shown to be very accurate but their high cost limits their routine application in animal science (Fuller, Fowler, McNeill, & Foster, 1994) . Other techniques, such as real-time ultrasound (RTU), should be considered for volume determinations.
Ultrasound has been used for evaluating animal composition for over 40 years based on tissue depth and area measurements (Hopkins, Pirlot, Roberts, & Beattie, 1993; McEwan, Clarke, Knowler, & Wheeler, 1989; Silva, Gomes, Dias-da-Silva, Gil, & Azevedo, 2005; Stouffer, Wallentine, Wellington, & Diekmann, 1961; 
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Matos, Rodrigues, Delfa, & Cadavez, 2006) , but little information is available about volume measurements. Results obtained with lamb (Mahgoub, 1998) and with broilers (Silva, Pinheiro, Guedes, & Mourão, 2006) showed that muscle volume measurements obtained in vivo by RTU were able to explain carcass composition. Studies conducted by Mahgoub (1998) showed that Longissimus thoracis et lumborum muscle (LM) volume measured in vivo by RTU correlated (r = 0.59; n = 18) with LM volume determined on the carcass.
This study was undertaken to evaluate the LM volume measured in vivo by RTU as a predictor of sheep carcass muscle and fat weights and proportions.
Materials and methods
Animal handling followed the EU directive number 86/ 609/EEC concerning animal care.
Animals and management
The experimental group consisted of 47 female sheep from the native Churra da Terra Quente breed (41.9 ± 6.8 kg) selected from the research herd of the University of Trás-os-Montes and Alto Douro (Portugal). All animals were kept under the same management conditions and were fed according to the NRC (1985) recommendations. Prior to ultrasound measurements and subsequent slaughter, animals were shorn and deprived of food for 24 h.
Ultrasound measurements
Just before slaughter, animals were scanned with an Aloka SSD 500V real-time scanner using a linear (64 mm) probe of 5.0 MHz as described by Silva, Afonso et al. (2006) .
The RTU images were taken over the 7th, 9th, 11th and 13th thoracic vertebrae and 2nd and 4th lumbar vertebrae. Once a satisfactory image had been obtained at each site, it was captured on a video printer for image analysis.
Slaughter procedure and carcass measurements
After RTU measurements, the live weight (LW) of all animals was recorded. All the animals were electrically stunned and slaughtered by exsanguination. The fore and the hind limbs (feet) were then separated at the radio-carpal and tarso-metatarsal articulations, respectively and the pelt, head and all internal organs were removed. After being stored at 4°C for 24 h carcasses were weighed (CW) and split down the vertebral column with a band saw. The left half of each carcass was entirely dissected into muscle, subcutaneous fat, intermuscular fat and bone, using the method described by Fisher and De Boer (1994) . The weights of muscle, subcutaneous fat and intermuscular fat were recorded and their proportion in CW was calculated and expressed as percentages.
A segment of the thoracic/lumbar region (6th thoracic vertebra to the 5th lumbar vertebra) was removed from the right half to take carcass measurements equivalent to those taken in vivo by RTU. This segment was frozen over a horizontal surface in order to minimize muscle shape deformation and was split at each vertebra with an electric saw to expose the planes where RTU measurements were taken. After that, a digital camera was used to capture images of the planes where the carcass measurements were taken for image analysis.
Image analysis and volume calculation
The printed images taken after RTU measurements were digitized. The area of the LM for both RTU and carcass images, at each site, were determined after image analysis using the Image J software (http://rsb.info.nih.gov/ij/). The area was obtained by tracing the contour of the LM and by counting the number of pixels on each of the six sites. The number of pixels was then converted into area measurements corresponding to the image plane of the six sites. Six slice areas were obtained.
Scanning and interpretation of the images was always done by the same technician, with extensive experience in ultrasound technology, image interpretation, and anatomical knowledge of sheep.
The LM volume (LMV) was calculated by multiplying the slice areas obtained by in vivo RTU and carcass measurements by the slice lengths as proposed by Silva, Pinheiro et al. (2006) . The slice lengths were obtained after physical measurement in vivo or in carcass, using a ruler, of the length between the sixth thoracic vertebra and the fifth lumbar vertebra and divided by six to obtain the length of each slice. The following equation was used for LM volume calculation (cm 3 ):
where d is the slice length (cm), A is the slice area (cm 2 ) and i is the number of slices.
The LM total volume (LMV tot ) was calculated as the sum of the volumes of six slices: LMV 7 , LMV 9 , LMV 11 , LMV 13 , LMV 2 and LMV 4 . Volumes of the LM from the 7th to the 13th thoracic vertebrae (LMV 7 -LMV 13 ) and from the 2nd to the 4th lumbar vertebrae (LMV 2 -LMV 4 ) were also calculated.
Statistical analysis
Data were subjected to correlation and regression analysis to study relationships between carcass and RTU measurements and to estimate carcass muscle, subcutaneous fat, intermuscular fat and total fat weights and proportions. All analyses were performed with SAS software (v. 8.2; SAS Institute Inc. Cary, NC). The simple regression equations were evaluated with the determination coefficient A u t h o r ' s p e r s o n a l c o p y (R 2 ) and the residual standard deviation (RSD). A stepwise forward regression procedure was used to determine significant variables included in the equation. Best models were selected based on R 2 , optimizing Mallow's Cp statistics and RSD (MacNeil, 1983) .
Results and discussion

Carcass composition
Mean values, range of the values, standard error (SE) and coefficient of variation (CV) for LW, CW and carcass composition are presented in Table 1 .
These data show that the sheep presented a large range of variation in LW and CW. Carcass composition also had a large range of variation, particularly the subcutaneous fat. This was expected given the variation in LW (from 30.9 to 60.4 kg) and the fact that fat is the most variable tissue in terms of proportion of body composition.
As expected the CV of carcass tissues, when expressed as proportions of CW, were much lower since the conversion of these components to their proportions removes most of its variation. This is in accordance with results presented by other authors (Fortin, 1980; Shelton, Smith, & Orts, 1977; Silva et al., 2005) using RTU with sheep.
Carcass and ultrasound measurements
Mean values, SE and CV for carcass and RTU measurements and the simple correlation coefficients (r) between RTU and carcass LM volume are presented in Table 2 .
The variation observed for all measurements is large. The LM volume increased from the 7th thoracic vertebra to the 4th lumbar vertebra for both carcass and RTU measurements. This is expected and depends on the LM shape (Korn, Baulain, Arnold, & Brade, 2005) .
Differences between RTU and carcass measurements of LM volume were observed, the RTU measurements being lower than the carcass measurements. This agrees with Mahgoub (1998) in sheep who found that LM volume measured in the carcass was higher than that obtained in vivo by RTU. Similar findings were also reported for the LM area in cattle (Greiner, Rouse, Wilson, Cundiff, & Wheeler, 2003; Robinson, McDonald, Hammond, & Turner, 1992) , sheep (Edwards et al., 1989; Férnandez, Gallego, & Quintanilla, 1997; Férnandez, García, Vergara, & Gallego, 1998; Hamby, Stouffer, & Smith, 1986; Ward, Purchas, & Abdullah, 1992) , and poultry (Silva, Pinheiro et al., 2006) . Difficulties in image analysis, operator effect, and differences in muscle shape due to slaughter procedure are reasons given for the underestimation of carcass measurements by RTU. In the present study it seems reasonable to assume that the underestimation of carcass measurements can be explained by differences in muscles shape due to slaughter procedures.
The potential of LM volume measured by RTU as a predictor of carcass LM volume was high (r varied between 0.874 and 0.968; P < 0.01). The lower correlation coefficient value was observed for muscle measurements taken over the 7th thoracic vertebra. These results may reflect anatomical differences since at this site the LM muscle is inside a more complex tissue distribution than at the other sites along the thoracic/lumbar axis, particularly 2nd and 4th lumbar vertebrae (Russel, 1995; Simm, 1983) , or the low absolute values of the muscle area at this site (11.3 cm 2 ). However, the ultrasound equipment used, namely the probe length (64 mm), was able to accurately measure this trait allowing the assessment of differences between animals. The image analysis combined with large probes is able to give very good images and, therefore, accurate measurements are 
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obtained. Previous work has shown that improvement in the predicting ability of RTU can be achieved using large probes and image analysis (McLaren et al., 1991; Silva, Afonso et al., 2006; Williams, 2002; Young & Deaker, 1994) . The length of the probe may have contributed to the good prediction ability of LM volume in our study because it allows identification of the lateral boundaries of the LM on RTU images, as observed by Stouffer (2004) in cattle and Silva, Afonso et al. (2006) in sheep. Little information is available about LM volume determined in vivo by RTU (Mahgoub, 1998; Silva, Pinheiro et al., 2006) . However, more information is available on LM volume determination using CT (Jopson et al., 1995; Kvame & Vangen, 2006) showing high correlations between in vivo and carcass measurements in sheep (r > 0.90). In the present study, correlation coefficients between LM volume determined by in vivo RTU and in the carcass were higher (r = 0.968; P < 0.01 for LMV tot ) than those obtained by Mahgoub (1998) Findings of the current study show that LM volume measured in vivo by RTU is able to accurately predict carcass LM volume in sheep, confirming previous results of Mahgoub (1998) .
Estimation of carcass composition from muscle volume by simple regressions
Simple regressions were developed to estimate carcass composition, i.e., muscle, subcutaneous fat, intermuscular fat and total fat from LM volume measured by RTU. The R 2 and the RSD of the regressions obtained for the estimations of tissue weights and proportions are presented in Tables 3 and 4 , respectively.
The RTU measurements of LM volume provided reliable data to estimate carcass composition of sheep in the weight range studied. All RTU measurements of LM volume explained most of the variation of the dependent variables (R 2 varied from 0.702 to 0.908; P < 0.01). This was particularly evident with the LMV 2 , LMV 2 -LMV 4 and LMV tot measurements to predict the amount of muscle in carcass (R 2 = 0.891, 0.908 and 0.887, respectively; P < 0.01). However, RTU measurements had less ability to explain fat tissues in carcass. These results are in agreement with those obtained in previous studies with sheep (Edwards et al., 1989; Férnandez et al., 1997) using muscle area for predicting carcass composition in that they were better in predicting carcass muscle than fat.
Studies with lambs (Jopson et al., 1995; Kvame & Vangen, 2006; Young, Nsoso, Logan, & Beatson, 1996) using CT and swine (Collewet et al., 2005; Mitchell et al., 2001) using MRI have also shown high correlations between volume measurements and carcass traits. Determination coefficients presented on Table 3 are similar to those reported by Young et al. (1996) between LM volume determined over the 7th thoracic vertebra and the 2nd and 5th lumbar vertebrae and carcass muscle and fat weights (R 2 varied from 0.54 to 0.83). However, our results are better than those of Mahgoub (1998) for estimating carcass muscle with LM volume measured by RTU in sheep (R 2 = 0.476; n = 18; P < 0.01).
A poor fit of the data resulted when LM volume measurements were regressed against carcass composition expressed in percentage (Table 4 ; R 2 varied from 0.495 to 0.625; P < 0.01), the higher determination coefficients being found for total fat. Junkuszew and Ringdorfer (2005) using Table 3 Determination coefficients (R 2 ) and residual standard deviation (RSD) of the simple regressions for the estimation of carcass muscle, subcutaneous fat, intramuscular fat and total fat weights from in vivo real-time ultrasonography measurements of sheep (n = 47) 
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RTU measurements (thickness) in male lambs (n = 41) also found that muscle and fat contents of the carcass were estimated with high accuracy when expressed in absolute amounts (kg) instead of proportions (%) R 2 = 0.62 and 0.58 for fat and R 2 = 0.67 and 0.50 for muscle, expressed in kg and in %, respectively.
The best estimates of carcass tissue weights and proportions were obtained using the LMV 2 -LMV 4 for all tissues studied. However, as mentioned above, the R 2 values were lower for the estimation of tissue proportions.
These results indicate that the estimation of volume by RTU may be confidently used to estimate carcass composition. The correlations between LM volume and carcass composition and the accurate estimate of carcass LM volume by RTU emphasizes the usefulness of this ultrasound measurement to predict carcass tissue weights and proportions in sheep.
Estimation of carcass composition from muscle volume by multiple regressions
Several studies with sheep (Delfa, Teixeira, Gonzalez, & Blasco, 1995; Kempster, Arnall, Alliston, & Blarker, 1982) have shown that LW combined with RTU measurements increases the predicting ability of carcass composition, at minimal cost. Since the practical use of RTU measurements for prediction of carcass composition is an important goal, multiple equations were developed to estimate 
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carcass composition from LM volume determined after RTU measurements and LW.
The best prediction equations generated by the stepwise procedure for muscle, subcutaneous fat, intermuscular fat and total fat in carcasses using LW and LM volume measured by RTU are presented in Table 5 . For all traits, the best fit was obtained with two, three or four independent variables. Amounts (weights and proportions) of muscle, subcutaneous fat, intermuscular fat and total fat are accurately predicted (R 2 > 0.866 for weights and R 2 > 0.677 for proportions; P < 0.01). For all tissues, the stepwise procedure was consistent in selecting LW to establish the tissue prediction equations.
The inclusion of LW in these equations was expected because LW usually well explains the carcass tissue variations, and within a sex, LW is the main determinant of the amount of fat and muscle. The LW contribution to explaining variation in carcass composition was also observed in previous studies with sheep (Férnandez et al., 1998; Silva et al., 2005; Teixeira et al., 2006; Young et al., 1996) as well as other species (cattle: Greiner et al., 2003; swine: Gresham, McPeake, Bernard, & Henderson, 1992; broiler chickens: Silva, Pinheiro et al., 2006) .
The high accuracy of estimation of muscle in the carcass from only 1, 2 or 3 LM volume measurements, less than the number proposed by Thompson and Kinghorn (1992) for CT (between 10 and 15), can be explained on the assumption that the shape of this muscle is close to a cylinder and thus the number of sections obtained during a scanning session can be reduced. These findings agree with those of Young et al. (1996) , Young, Nsoso, and Beatson (1999) and Kvame and Vangen (2006) . Young et al. (1999) showed that LW and tissue areas from three scans accounted for 96%, 98% and 89% of the variations in total weight of muscle, fat and bone, respectively, in the carcasses of Suffolk lambs.
Conclusions
This study has shown that LM volume measurements taken in vivo are highly related to the corresponding carcass measurements. Carcass composition (muscle and fat) can be accurately predicted using LM volume measured in vivo by RTU from 1, 2 or 3 scans and LW.
Results from this study encourage the use of LM volume measured in vivo by RTU for the estimation of carcass composition since the procedure rapidly yields a threedimensional measurement of the LM. This approach is non-invasive, accurate, reliable, and easy to use and only requires an inexpensive RTU machine. Moreover, such measurements in everyday practice are easy to obtain due to the mobility of the equipment. 
